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ABSTRACT.—We collected 328 freshly laid Great Tit (Parus major) eggs from 38 clutches in
1999 to determine the relationship of whole egg weight, wet yolk weight, wet albumen
weight, dry shell weight, and the occurrence of laying gaps with mean ambient temperature
in the three days preceding laying, while controlling for laying date and position in the lay-
ing sequence. We also reanalyzed existing data on whole egg weight in 1978 and 1979 in
relation to temperature, controlling for the same other variables. Egg weight was correlated
with temperature in 1978 and 1979, but not in 1999. None of the egg components was related
to temperature preceding laying, apart from a nonsigniﬁcant tendency for albumen weights
to be lower at higher temperature. Egg weight increased with laying date in 1978 and 1979
after controlling for other variables. In 1999, albumen and shell weight increased seasonally,
but shell weight only did so to the extent expected on the basis of the seasonal increase in
whole egg weight. Yolk weight did not increase signiﬁcantly seasonally, but neither did yolk
weight relative to whole egg weight decrease signiﬁcantly. Whole egg weight and the
weights of all components varied between clutches. Most weights also varied through the
laying sequence. The probability of a laying gap occurring varied between clutches, and in-
creased with position in the laying sequence and decreased with temperature and laying
date. Eggs preceding laying gaps were lighter and contained less albumen but had higher
shell weights than other eggs. Eggs following laying gaps also had heavier shells relative to
the size of the egg than other eggs. Received 19 May 2000, accepted 31 August 2002.
RESUMEN.—Colectamos 328 huevos recie ´n puestos de 38 nidadas de Parus major en 1999 para
determinar la relacio ´n del peso total del huevo, el peso fresco de la yema, el peso fresco del
albu ´men, el peso seco del cascaro ´n y la ocurrencia de interrupciones en la postura, con la
temperatura media del ambiente en los tres dı ´as previos a la postura (controlando por la fecha
de postura y la posicio ´n en la secuencia de postura). Tambie ´n reanalizamos datos existentes
sobre el peso total del huevo en 1978 y 1979 con relacio ´n a la temperatura, controlando por las
mismas variables adicionales. El peso del huevo se correlaciono ´ con la temperatura en 1978 y
1979, pero no en 1999. Ninguno de los componentes del huevo estuvo relacionado con la tem-
peratura previa a la postura, pero hubo una tendencia no signiﬁcativa en la que el peso del
albu ´men fue menor a mayores temperaturas. Tras controlar por otras variables, el peso del
huevo aumento ´ con la fecha de postura en 1978 y 1979. El peso de albu ´men y del cascaro ´n
aumentaron estacionalmente en 1999, pero el peso del cascaro ´n so ´lo lo hizo hasta el nivel es-
perado con base en el incremento estacional en el peso total del huevo. El peso de la yema no
aumento ´ estacionalmente, pero su peso relativo al peso total del huevo no disminuyo ´ signi-
ﬁcativamente. El peso total del huevo y sus distintos componentes variaron entre nidadas. La
mayorı ´a de los pesos tambie ´n variaron a trave ´s de la secuencia de postura. La probabilidad
de que ocurriera una interrupcio ´n en la postura vario ´ entre nidadas, aumento ´ con la posicio ´n
en la secuencia de postura y disminuyo ´ con la temperatura y la fecha de postura. Los huevos
que precedieron interrupciones fueron ma ´s livianos y tuvieron menos albu ´men, pero presen-
taron cascarones ma ´s pesados que otros huevos. Los huevos que siguieron a las interrupciones
tambie ´n tuvieron cascarones ma ´s pesados (con relacio ´n al taman ˜o del huevo)queotroshuevos.
IN MANY BIRD SPECIES, the earliest hatching
broods often give rise to the ﬁttest young,
3 Present address: NIOO, Boterhoeksestraat 48,
6666 ZG Heteren, The Netherlands. E-mail:
k.lessells@nioo.knaw.nl
therefore there is selection for earlier breeding
(Perrins 1965, 1991; van Noordwijk et al. 1995).
That observation has stimulated the idea that
females are prevented from breeding earlier
because they have insufﬁcient resources to pro-
duce a clutch of eggs, and has focused attention1092 [Auk, Vol. 119 LESSELLS, DINGEMANSE, AND BOTH
on the possibility of energetic constraints dur-
ing the laying period (Perrins 1970, 1996). Two
lines of evidence have been adduced in support
of this notion: ﬁrst, supplementary feeding ex-
periments have investigated whether increased
food availability advances the start of laying or
increases clutch or egg size (Martin 1987, Ar-
cese and Smith 1988, Boutin 1990, Meijer and
Drent 1999). Second, similar relationships have
been sought between breeding performance
and ambient temperature. An increase in am-
bient temperature may improve the energetic
status of laying females in one or more of the
following ways: higher temperatures may re-
duce the energetic cost of thermoregulation of
the female (Nager and van Noordwijk 1992,
Stevenson and Bryant 2000), or increase the
availability of food for insectivorous species,ei-
ther by accelerating the development of the in-
sect prey (Jones 1973 in Ojanen et al. 1981), or
by increasing foraging efﬁciency on existing
prey (Avery and Krebs 1984).
Both observations and experiments have pre-
viously revealed an effect of ambient temper-
ature on egg size and the occurrence of laying
gaps. On the basis of correlational data, tem-
perature in the period preceding laying has
been shown to have a positive effect on indi-
vidual egg weights in Goldcrests (Regulus reg-
ulus; Haftorn 1986), Pied Flycatchers (Ficedula
hypoleuca; Ojanen et al. 1981, Ja ¨rvinen and Yli-
maunu 1986), Great Tits (Parus major; Ojanen et
al. 1981, van Noordwijk 1984, Perrins 1996),
Common Grackles (Quiscalus quiscula; Howe
1978) and European Starlings (Sturnus vulgaris;
Ojanen et al. 1981) and on the mean egg weight
of clutches in Pied Flycatchers (Ja ¨rvinen 1991),
Common Redstarts (Phoenicurus phonenicurus;
Ja ¨rvinen 1991), Eurasian Blackbirds (Turdus me-
rula; Magrarth 1992), and Great Tits (Nager
and Zandt 1994, Ja ¨rvinen and Pryl 1989, Nager
and van Noordwijk 1992, Perrins 1996). How-
ever, many of the above analyses do not control
for other variables, including laying date, to
which both egg weight and temperature may
be correlated (e.g. Magrath 1992). Such analy-
ses are necessary because females may vary
egg size in relation to laying date per se in or-
der to anticipate seasonal changes in costs and
beneﬁts to nestlings of hatching from large
eggs (Birkhead and Nettleship 1982, Magrath
1992).
In addition to the above observational stud-
ies, two experimental studies have been carried
out manipulating night temperature during the
prelaying and laying period: female Great Tits
that were experimentally heated while roosting
in the nest box overnight laid larger eggs than
those that were experimentally cooled (Nager
and van Noordwijk 1992), but female Blue Tits
(Parus caeruleus) that were experimentally heat-
ed in a similar way did not lay larger eggs and
were instead less likely to have laying gaps
than control females (Yom-Tov and Wright
1993; laying gaps also occurred four to ﬁve
days after low minimum temperatures in con-
trol females). However, although such experi-
mental studies have the potential to unequiv-
ocally identify temperature as the causal factor
affecting egg weight, no attempt was made in
the above studies to investigate whether all egg
components were equally affected by the ex-
periment. Among the observational studies cit-
ed above, only Ojanen (1983a) investigated the
relationship between egg components and tem-
perature, and showed that in Great Tits, and to
a lesser extent Pied Flycatchers, the energetic
content of the yolk, the albumen and shell com-
bined, and the whole egg increased with am-
bient temperature. In general, larger eggs with-
in a species also contain more of each egg or
chemical component (Williams 1994), but
whether the relationship between each com-
ponent and whole egg size is independent of
the source of the egg size variation is to a large
extent an open question. For example, in several
species eggs vary in composition through the
laying sequence over and above the variation
expected on the basis of changes in egg size
(e.g. Ojanen 1983a, Kennamer et al. 1997).
The aim of this study therefore was to inves-
tigate egg weight variation within clutches and
the occurrence of laying gaps in Great Tits in
relation to ambient temperature. The analyses
are based on observational data, but we haveat-
tempted to answer the above two criticisms:the
analyses of newly collected data control for
other variables, including laying date, and have
been carried out on wet yolk, wet albumen, and
dry shell weight as well as whole egg weight.
We also repeat the analysis on whole egg
weight carried out by van Noordwijk (1984),
but controlling for the same other variables as
in the analyses of newly collected data.October 2002] 1093 Egg Weights, Laying Gaps, and Temperature
METHODS
1999 data: Whole egg, yolk, albumen, and shell
weights. Eggs were collected from a nest-box pop-
ulation of Great Tits at Westerheide, a mixed wood-
land in the Veluwe, The Netherlands. Nest boxes
were checked at least twice weekly from the begin-
ning of April 1999, and daily after the box contained
more than half a nest. Any eggs laid after the pre-
vious nest check were replaced with plastic eggs.
There was no indication that those dummy eggs
were not treated as normal eggs. Daily nest checks
were continued until at least two days after the pre-
vious egg was laid, and only eggs from clutches
where incubation was begun were included in the
analyses.
Eggs were removed to the laboratory. They were
weighed (all weights to the nearest milligram), bro-
ken open, and the yolk separated from the remainder
of the egg. Excess albumen was removed from the
yolk by rolling it on a piece of paper, and the yolk
weighed. The shell (including the shell membrane)
was washed, dried to constant weight at 608C, and
weighed. Albumen weight was obtained by subtract-
ing the wet yolk and dry shell weights from the total
weight, and therefore includes the water content of
the shell. That was done to reduce variability intro-
duced by varying amounts of albumen adhering to
the inside of the shell. Based on wet and dry egg
components for Great Tit eggs separated without
boiling (i.e. with albumen adhering to the shell; Oja-
nen 1983b), wet albumen weight has been overesti-
mated by a maximum of 7%. Based on the propor-
tional water content of shells of eggs of two larger
species separated after boiling (31.5%; Ankney and
Johnson 1985, Muma and Ankney 1987), albumen
weight has been overestimated here by ;4%. Dry
yolk and albumen weights were not obtained be-
cause the wet yolk was required for another analysis.
Eggs were generally weighed before 1700 hours, and
94% of the eggs were weighed on the day of laying.
The analysis was carried out on those clutches be-
cause they were being removed in any case as part of
a manipulation experiment.
Weather data were obtained from the Royal Dutch
Meteorological Institute’s (KNMI) site at De Bilt, ;50
km west of the study area. The temperature variable
used in the analyses was the mean temperature for
the three days preceding laying of each egg. That
variable was chosen because it is the variable used in
other analyses of Great Tits (van Noordwijk 1984,
Nager and Zandt 1994, Nager and van Noordwijk
1992), and because temperature variables tend to be
highly correlated between successive days so that
choosing a different time window would not have
substantially altered the results of the analysis.
1978 and 1979 data: Whole egg weights only. Van
Noordwijk (1984) investigated the weights of indi-
vidual eggs from the Hoge Veluwe, a study site ;2
km northeast of Westerheide, in relation to temper-
ature. To repeat his analyses controlling for other
variables, we reconstituted a data set from the long-
term Great Tit data base of the Netherlands Institute
of Ecology, because the original data used by van
Noordwijk were no longer available as a discrete
data set. Eggs were included in the analysis if (a)
they came from ﬁrst clutches that were subsequently
incubated, (b) the nest had been checked on the day
before the egg was laid (except for ﬁrst eggs, where
previous visits appear usually not to have been doc-
umented in the currently available records), (c) no
other egg from that nest was weighed on the same
day, and (d) at least three eggs from the clutch met
criteria (b) and (c). Visual comparison of these data
with those presented in ﬁgure 1 of van Noordwijk
(1984) suggests that the data set that we analyzed is
similar, but not identical, to that analyzed by van
Noordwijk. In addition, we used weather data from
De Bilt, rather than from Deelen (the weather station
used by A. van Noordwijk; A. J. van Noordwijk pers.
comm.). Mean daily temperatures were highly cor-
related between these two weather stations in April
1978 (r2 5 0.95) and 1979 (r2 5 0.99). Because the se-
lection criteria resulted in incomplete data for many
clutches in 1978 and 1979, no attempt was made to
analyze laying gaps in those clutches.
Statistical analysis. The main purpose of the anal-
ysis presented here was to investigate how individ-
ual egg weights vary with temperature, laying date,
laying order, and between clutches. However, those
explanatory variables are highly correlated: for the
data sets analyzed, laying date and temperature vary
signiﬁcantly between clutches in all three years (one-
way ANOVA: all P , 0.001, except for temperature
in 1978 where P 5 0.015), and temperature, laying
date and laying order are signiﬁcantly (P , 0.001) in-
tercorrelated in all years except for temperature with
laying date and laying order in 1978. A series of gen-
eral linear models was therefore built (using SAS
and GLIM) in an attempt to disentangle the effects
of those variables, in each case assessing the signif-
icance of the explanatory variable when it was en-
tered last into the model. (a) Initially, we included
only the explanatory variable of interest in the mod-
el. This analysis included both within and between
clutch variation in egg weight and indicated whether
the explanatory variable might have an inﬂuence on
the weight being analyzed. (b) Next, we included
clutch as a factor in the model to investigate whether
there was a relationship with the explanatory vari-
able within clutches. An explanatory variable might
become signiﬁcant (compared with analysis [a]) if an
effect was previously swamped by large variationbe-
tween clutches, or lose signiﬁcance if the relationship
occurred only between and not within clutches. (c)
Third, we included all other explanatory variables in
the model, whether they were signiﬁcant or not. Be-
cause we tested signiﬁcance of each variable when it1094 [Auk, Vol. 119 LESSELLS, DINGEMANSE, AND BOTH
TABLE 1. Summary of the relationships between egg, yolk, albumen or shell weight and laying sequence,
laying date, and temperature preceding laying. Results are from general linear models including the ex-
planatory variable listed (a) alone, (b) after controlling for clutch, (c) after controlling for clutch and the
other explanatory variables listed in the table, and (d) after controlling for other signiﬁcant variables. The
symbols 2 and 1 indicate the sign of the regression coefﬁcient. For egg number, the ﬁrst sign indicates
the sign of the linear regression coefﬁcient, and the second the sign of the quadratic regression coefﬁcient.
(Thus the ﬁrst sign indicates the initial slope, and the second the ﬁnal slope; e.g. 2 1 indicates a U-shaped
curve.) Where the turning point is outside the observed range of egg numbers, the sign indicating the slope
that does not occur over the observed range is enclosed in parentheses.
Other variables in the model
Tested variable
n
(a) Variable alone in model
None
Egg number
Lin-
ear
Qua-
drat-
ic P
Date
Lin-
ear P
Temperature
Lin-
ear P
(b) Controlling
for clutch
Clutch
Egg number
Lin-
ear
Qua-
dratic P
1978: Egg weight
1979: Egg weight
1999: Whole egg
Yolk
Yolk controlling for egg weight
Albumen
Shell
Shell controlling for egg weight
233
201
305
303
302
298
301
299
2
2
1
1
1
1
1
1
***
***
***
***
1
1
1
2
1
1
1
0.083
***
*
**
***
***
***
1
1
1
2
1
1
1
0.055
**
***
*
***
***
**
1
2
2
2
2
1
1
1
1
1
1
1
(2)
2
***
*
***
***
***
***
***
* P , 0.05; ** P , 0.01; *** P , 0.001; exact P values are given when 0.10 . P . 0.05. The signiﬁcance of other variables was not altered by
the inclusion of temperature in the best model for albumen weight.
was entered last into the model, this analysis is con-
servative. Each variable is only allocated its effect
over and above any effects of other tested variables.
As a result, when two explanatory variables—both
highly correlated with the response variable—are
themselves highly correlated, it is possible that nei-
ther of them is signiﬁcant. (d) Last, for completeness,
we constructed the ‘‘best’’ model, containing only
those explanatory variables that were signiﬁcant
when entered last into the ﬁnal model (see Table 1).
The main difference from the previous models is that
when there are two highly correlated explanatory
variables, the one explaining more of the variance
(but not necessarily signiﬁcantly more) is includedin
the model. Clutch was always signiﬁcant when en-
tered alone, or with any other listed combination of
explanatory variables (P , 0.001). Signiﬁcance tests
were carried out with the tested explanatory variable
entered last into the model. Egg number was tested
and controlled for by entering linear and quadratic
terms simultaneously into the model, except in the
best model, where the quadratic term was only en-
tered if it signiﬁcantly increased the variance ex-
plained. If the linear and quadratic terms were non-
signiﬁcant when tested together, the linear term was
always also nonsigniﬁcant when tested alone. A cu-
bic term in egg number was never signiﬁcant. The
signiﬁcance of clutch and egg number were tested
using the error MS as the denominator MS. Because
eggs laid on the same day had the same values of
date and temperature variables, those variables were
tested using the residual MS between days (as a fac-
tor) as the denominator MS. We included only linear
terms for date and temperature, because in 1979 and
1999 temperature approximated a quadratic function
of date (see Fig. 1). In general, we did not include in-
teractions because we were most interested in main
effects. That also limited the number of terms that
were tested in the analyses and hence reduced the
probability of Type 1 statistical errors. Other details
of the analyses are given in table and ﬁgure captions.
RESULTS
In 1999, data were collected from 328 eggs
from 38 clutches that were subsequently incu-
bated by Great Tits, constituting all but 6 of the
ﬁrst Great Tit clutches incubated in the study
area. The exact laying date was known for
93.9% of those eggs, and laying order was
known for 96.6%. Two eggs (11.6 3 9.4 mm,
0.53 g; 23.8 3 12.3 mm, 1.80 g) were outliers to
the length, breadth, or weight distributions,
and hence excluded from the analyses (Dixon’s
test for outliers [Sokal and Rohlf 1995]; P K
0.001). Other eggs have been excluded fromOctober 2002] 1095 Egg Weights, Laying Gaps, and Temperature
TABLE 1. Extended.
(b) Controlling
for clutch
Clutch
Date
Lin-
ear P
Tempera-
ture
Lin-
ear P
(c) Controlling for all other variables
Clutch, egg number, date, temperature
Egg number
Lin-
ear
Qua-
dratic P
Date
Lin-
ear P
Tempera-
ture
Lin-
ear P
(d) ‘‘Best’’ model: controlling for all
other signiﬁcant variables
Clutch, variables indicated as
signiﬁcant below
Egg number
Lin-
ear
Qua-
drat-
ic P
Date
Lin-
ear P
Tempera-
ture
Lin-
ear P
1
1
2
2
1
1
1
***
*
**
***
***
***
***
1
1
2
2
1
1
*
***
*
***
**
**
2
2
2
2
2
1
(1)
1
1
1
1
2
***
*
***
***
*
*
1
1
1
1
***
**
*
*
1
1
2
0.059
***
0.053
2
2
2
2
2
1
1
1
1
1
1
2
2
***
**
***
***
*
***
***
1
1
1
1
***
***
*
*
1
1
2
*
***
0.053
analyses when relevant data were missing. The
ﬁrst eggs were found on 8 April (estimated on-
set of laying 7 April), and the last egg was laid
on 5 May.
Weights of individual eggs with known lay-
ing date from the Hoge Veluwe were extracted
from the database for 235 eggs from 29 clutches
in 1978, and 201 eggs in 37 clutches in 1979.
Two eggs laid in 1978 were excluded because
they were outliers to the length distribution
(20.6 3 13.6 mm, 1.93 g, P , 0.05; 21.9 3 12.1
mm, 1.78 g, P , 0.001).
Egg components and allometric relationships.
In 1999, mean egg weight was 1.60 6 0.13 g
(SD, n 5 305), wet yolk weight 0.31 6 0.04 g (n
5 303), wet albumen weight 1.20 6 0.11 g (n 5
298), and dry shell weight 95.4 6 9.0 mg (n 5
301). Based on a water content of shell of 31.5%
(Ankney and Johnson 1985, Muma and Ankney
1987), wet yolk, wet albumen, and wet shell
constituted approximately 19, 72, and 9%, re-
spectively, of the fresh egg weight. The expo-
nent, b, of the allometric relationship (y 5 a · xb)
between yolk or shell weight and whole egg
weight was obtained from the slope of the re-
gression of log(yolk weight) or log(shell
weight) on log(whole egg weight). The value of
b indicates whether the weight of the egg com-
ponent increases in direct proportion to the
whole egg weight. When it does so, b has the
value 1. If the component increases less than in
proportion (for instance, if the yolk less than
doubles in weight when the whole egg weight
doubles), b has a value ,1, and when the com-
ponent increases more than in proportion, bhas
a value .1. Between-clutch relationships were
obtained using mean weights per clutch, and
within-clutch relationships from ANCOVA
with clutch ﬁtted as a factor. Yolk weight in-
creased in proportion to whole egg weight
within clutches (b 5 0.980 6 0.071 [SE]; t for
difference from 1 5 0.28, NS), but less than in
proportion to whole egg weight between
clutches (b 5 0.603 6 0.180, t 5 2.76, P , 0.001).
The reverse pattern occurred for shell weight,
which increased in proportion with egg weight
between clutches (b 5 0.836 6 0.112, t 5 1.46,
NS), but less than in proportion within clutches
(b 5 0.608 6 0.093, t 5 4.21, P , 0.001; com-
parison between yolk and shell for differenceof
within and between slopes, t 5 2.50, P , 0.05).
Whole egg weights in relation to clutch, laying or-
der, laying date, and temperature. Daily mean
egg weights and temperature in relation to date1096 [Auk, Vol. 119 LESSELLS, DINGEMANSE, AND BOTH
FIG. 1. Seasonal variation in Great Tit egg weight
and temperature at (A) the Hoge Veluwe in 1978, (B)
the Hoge Veluwe in 1979, and (C) Westerheide in
1999. Points represent daily mean egg weights. Lines
join the daily mean temperature (solid during the pe-
riod when analyzed eggs were laid; dashed line dur-
ing the preceding 10 days).
are shown in Figure 1. Variation in the daily
mean egg weights includes both within and be-
tween clutch variation. In 1978, temperatures
during the laying period were comparatively
high and uniform, with daily mean tempera-
ture never dropping below 7.68C. In 1979 and
1999, temperatures were coldest in the middle
of the laying period, the daily mean dropping
to 3.58C in both 1979 and 1999. That pattern of
temperature change increases the possibility of
detecting relationships of egg weight to laying
date or temperature independently. Laying oc-
curred considerably earlier in 1999 than in 1978
or 1979: mean laying date of eggs whose
weights were analyzed were 6 May, 4 May, and
23 April in 1978, 1979, and 1999, respectively.
Whole egg weight varied signiﬁcantly be-
tween clutches in all years irrespective of the
other variables included in the model (all P ,
0.001). The results of the general linear mod-
eling for other explanatory variables are given
in Table 1. In 1999, egg weight increased with
both laying date and temperature when no oth-
er variables were included in the model. How-
ever, in the analyses controlling for clutch and
other variables, the relationship with temper-
ature disappeared, so there is no unequivocal
evidence for an effect of temperature on egg
weight in that year. (That was also true when
egg weight [both linear and quadratic terms],
but not date, was controlled for.) Both layingor-
der and laying date remained signiﬁcant when
other variables were controlled for, implying
that those variables had a signiﬁcant effect on
egg weight. Egg weight increased with laying
date (Fig. 1C), and initially decreased and then
increased through the laying sequence. Analy-
ses controlling for clutch consider only within-
clutch variation for other explanatory variables
in the model. Between-clutch variation was in-
vestigated by analyzing mean egg weights.
Those increased with both laying date (of the
ﬁrst egg of the clutch; F 5 5.15, df 5 1 and 36,
P 5 0.029) and temperature (F 5 6.85, df 5 1
and 36, P 5 0.013) when those explanatory var-
iables were considered alone, but neither laying
date or temperature explained a signiﬁcant ad-
ditional amount of variance over and above the
other variable (both P . 0.2). Thus, effects of
laying date and temperature on the average
whole egg weight of clutches cannot be sepa-
rated statistically.
In contrast to 1999, in both 1978 and 1979 in-
dividual egg weights increased with tempera-
ture whichever other variables were controlled
for. (Temperature was marginally nonsigniﬁ-
cant [P 5 0.059] in 1978 when a nonsigniﬁcant
quadratic egg number term was included in the
model, but signiﬁcant [P 5 0.013] when this
term was omitted.) The regression coefﬁcients
in the best models imply that egg weight in-
creased within clutches by 5.1 mg for each 18C
rise in temperature in 1978, and 18.3 mg inOctober 2002] 1097 Egg Weights, Laying Gaps, and Temperature
1979. In 1978, but not 1979, there was also ev-
idence for a signiﬁcant increase in egg weight
with laying date, and decrease with position in
laying sequence. Van Noordwijk (1984) sug-
gested that there was a threshold temperature
of 108C above which egg size did not increase
with increasing temperature. We tested for the
existence of nonlinearity in the relationship be-
tween egg size and temperature by ﬁtting a
quadratic term in temperature. The quadratic
term was not signiﬁcant in 1978 (P . 0.10),
1979 (P . 0.75), or both years combined (P .
0.75). When the data for 1978 and 1979 are an-
alyzed together (without temperature2 in the
model), the main effects are all signiﬁcant
(model containing all variables: egg number
[linear and quadratic terms], P , 0.001; laying
date, P , 0.05; temperature, P , 0.001). How-
ever, the ﬁrst-order interactions between year
and egg number, laying date and temperature
are all signiﬁcant (tested over the residual MS
between days; see text; year 3 egg number 1
year 3 egg number2, P , 0.01; year 3 laying
date, P , 0.01; year 3 temperature, P , 0.01).
Thus, the slope of the relationship between egg
weight and those variables differs between
1978 and 1979. Similarly, when the data for all
three years are analyzed together, the main ef-
fects are all signiﬁcant (model containing all
variables: egg number [linear and quadratic
terms], laying date and temperature, all P ,
0.001), but the interaction between site (i.e.
1978 and 1979 vs. 1999) and temperature is also
signiﬁcant (tested over the residual MS be-
tween days; P , 0.001). Thus, the relationship
between egg weight and temperature differs
between the two earlier years (1978 and 1979)
and 1999.
Yolk, albumen, and shell weights in relation to
clutch, laying order, laying date, and temperature.
In addition to the analyses of yolk, albumen,
and shell weight, analyses were also carried
out on yolk and shell weight controlling for the
weight of the whole egg (by including egg
weight as an explanatory variable in all the
models). Yolk, albumen, and shell weight (and
yolk and shell weight controlled for whole egg
weight) all varied signiﬁcantly between clutch-
es irrespective of the other explanatory vari-
ables included in the model (all P , 0.001). The
results of the general linear modeling for other
explanatory variables are given in Table 1. Both
albumen and shell weight increase with tem-
perature, when that is the only explanatory var-
iable in the model, whereas yolk controlled for
egg weight decreases with temperature as the
only explanatory variable. When other vari-
ables are controlled for, the only (marginally
nonsigniﬁcant) relationship with temperature
that remains is a negative relationship between
albumen and temperature. (That is also true
when egg weight [both linear and quadratic
terms], but not date, is controlled for.) Both al-
bumen and shell weight (whether controlled
for egg weight or not) increase with laying
date, mirroring the relationship for egg weight.
When other variables are controlled for, the re-
lationship between shell weight controlled for
egg weight and laying date disappears, sug-
gesting that shell weight increases within
clutches as the season progresses, but only by
an amount expected on the basis of the increase
in egg weight. Yolk weight increases and yolk
weight controlled for egg weight decreases in
relation to laying date as the only explanatory
variable, and both decrease when clutch differ-
ences are controlled for. The relationship is sig-
niﬁcant for neither variable when other explan-
atory variables are controlled for, so it is not
possible to say whether yolk size remains con-
stant or whether it increases seasonally as ex-
pected on the basis of the seasonal increase in
whole egg weight. Most of the component
weights exhibit curvilinear relationships with
laying sequence (see Table 1).
As was the case for egg weight, analyses of
weights of components of individual eggs con-
trolling for clutch consider only within clutch
variation, so between clutch variation was in-
vestigated by analyzing clutch means. Mean
yolk weights did not vary with laying date or
temperature when those explanatory variables
were considered alone or in addition to the oth-
er variable (all P $ 0.2). That was also true for
mean yolk weight controlled for whole egg
weight (all P . 0.4), so it is not possible to say
whether average yolk weight remains constant
or increases as expected on the basis of the sea-
sonal increase in average egg weight. Mean al-
bumen weight increases with either laying date
or temperature (P , 0.05), but neither variable
explains a signiﬁcant additional amount of var-
iance when the other variable is controlled for
(P . 0.2). Mean shell weight shows the same
pattern as mean albumen weight (except that
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FIG. 2. The occurrence of laying gaps in Great
Tits in relation to the mean temperature in the pre-
vious three days. Each point represents one day.
FIG. 3. Whole egg weight (ﬁlled circles) and al-
bumen weight (open squares) of Great Tit eggs im-
mediately preceding or following laying gaps in
comparison with other eggs. In the statistical com-
parisons, ﬁrst eggs and last eggs were excluded in
the analyses of eggs laid after a gap and eggs laid
before a gap, respectively. Actual differences be-
tween the ‘‘no gap’’ group for the two cases are suf-
ﬁciently small to be visually indistinguishable on
this ﬁgure, so only one ‘‘no gap’’ group has been
plotted. Vertical bars represent SE. ***P , 0.001; NS
P . 0.05.
ginally nonsigniﬁcant; P 5 0.072). When those
shell weight relationships are controlled for
whole egg weight, none of the relationships re-
main signiﬁcant (P . 0.2). Thus, average shell
weight increases with either laying date or tem-
perature, but only to the extent expected on the
basis of increases in average whole egg weight
with those variables.
Laying gaps in relation to clutch, laying order,
laying date, and temperature. Because nests
were visited every day during laying, the days
on which laying gaps occurred are known. The
effect of clutch, laying sequence, laying date,
and temperature on the occurrence of laying
gaps was investigated using a series of gener-
alized linear models similar to those in Table 1
with the occurrence of a gap (laid or did not
lay) as response variable, and with binomial er-
rors and a logit link. The days on which the ﬁrst
and last egg of the clutch were laid were ex-
cluded from the analysis because by deﬁnition
laying gaps could not occur on those days. A
quadratic egg number term was never signiﬁ-
cant, so only a linear term was included in the
analyses. All four explanatory variables
(clutch, egg number, date, and temperature)
were then signiﬁcant in all models. In the full
model, the probability of a laying gap occur-
ring varied between clutches (change in devi-
ance 5 71.38, df 5 37, P , 0.001), increased
with position in the laying sequence (change in
deviance 5 5.029, df 5 1, P , 0.05), and de-
creased with both date (change in deviance 5
10.71, df 5 1, P , 0.001) and mean temperature
over the preceding three days (change in de-
viance 5 10.98, 1 df 5 1, P , 0.001; Fig. 2).
Whole egg, yolk, albumen, and shell weights in re-
lation to the occurrence of laying gaps. The pre-
vious analysis suggests that temperature has
an inﬂuence on the occurrence of laying gaps.
To investigate that further, weights of the
whole egg and egg components immediately
preceding or following laying gaps were com-
pared to those of other eggs (excluding last
eggs in the analysis of eggs preceding gaps,
and excluding ﬁrst eggs in the analysis of eggs
following gaps) in two series of general linear
models (for eggs before and eggs after gaps)
similar to those in Table 1. Whole egg weight
and albumen weight tended to be lower in eggs
preceding gaps (Fig. 3; P , 0.06 in both cases),
and that difference was signiﬁcant after con-
trolling for clutch (P , 0.001 in both cases), or
clutch, laying sequence, laying date, and tem-
perature (whole egg: P 5 0.011; albumen: P 5
0.004). Shell weight was greater in eggs before
gaps, but only after controlling for clutch, lay-
ing sequence, laying date, and temperature (P
, 0.001, whether or not controlled for whole
egg weight). Shells also tended to be heavier af-
ter gaps, after controlling for other variables,
but that was only signiﬁcant when whole egg
weight was controlled for (P 5 0.025). Yolk
weight did not differ between eggs before or af-
ter gaps and other eggs.October 2002] 1099 Egg Weights, Laying Gaps, and Temperature
DISCUSSION
The main aim of the analyses presented here
was to determine whether the within-clutch
variation in the weight of the whole egg or of
egg components was related to temperature in
the days preceding laying, after controlling for
other variables. In both 1978 and 1979 that was
the case, although slopes of relationships in the
two years differed signiﬁcantly (cf. van Noord-
wijk 1984, who showed that egg weight in-
creased with temperature in 1979, but did not
control for other variables, and did not test for
a relationship with temperature in 1978). In
contrast, in 1999 there was no evidence for a
within-clutch relationship with temperature af-
ter controlling for other variables. There was
also little evidence for any within-clutch rela-
tionship between weights of egg components
and temperature after controlling for other var-
iables (except a marginally nonsigniﬁcant de-
crease in albumen weight). However, because
there was no overall relationship, the data pre-
sented here are not revealing as to relative con-
tributions of different egg components when
an overall relationship does occur. Analyses of
within-clutch variation in the weights of whole
eggs and egg components are likely to be par-
ticularly informative when investigating the ef-
fects of environmental variables such as tem-
perature, because they exclude genetic
variation which is a major component of vari-
ation between clutches (van Noordwijk 1984).
Nevertheless, we also examined between-
clutch variation in weights of whole eggs and
egg components. Those analyses showed that
average whole egg, albumen weights, and shell
weights increased, and shell weights corrected
for whole egg weight and yolk weights (wheth-
er or not corrected for whole egg weight) did
not vary, with either temperature or laying
date, but in no case was it possible to separate
the effects of laying date and temperature
statistically.
One obvious question is why the within-
clutch relationship between egg weight and
temperature varies between years. Interactions
between environmental variables are frequent
in their effect on egg weight. For example, Na-
ger and Zandt (1994) found a signiﬁcant inter-
action between temperature and food abun-
dance on the mean egg weight of Great Tit
clutches. The differences between years found
in the present study might reﬂect such an in-
teraction. Alternatively, an interaction may be
created if the relationship with temperature is
nonlinear and females experience different
ranges of temperature in different years. Van
Noordwijk (1984) suggested that the relation-
ship between egg weight and temperature
might exhibit a threshold, but we were unable
to conﬁrm that for within-clutch variation in
egg weight. Lastly, in years when variation in
temperature experienced by individual laying
females is low, it will be relatively difﬁcult to
detect any within-clutch relationship between
egg weight and temperature. However, that
should not create an interaction between years
and temperature in their effects on egg weight.
The data that we collected can also be used
to investigate whether there is a relationship
between whole egg and egg component
weights and date, independent of temperature.
In 1999, the analysis of within-clutch variation
revealed that egg weight increased with laying
date, and that was accompanied by an increase
in albumen and shell weight (although in the
latter only to the extent expected on the basis
of the increase in egg weight). Yolk weight did
not increase signiﬁcantly with laying date, but
neither did yolk weight controlled for egg
weight decrease signiﬁcantly, so no conclusion
can be reached as to whether yolk weight in-
creases seasonally in parallel with egg weight.
Egg weight also increased seasonally in 1978.
Analysis of clutch means revealed the same
pattern of relationships between whole egg and
egg component weights as the analyses of
within-clutch variation, although (as men-
tioned before) it is not possible to statistically
separate effects of laying date and temperature.
A seasonal increase in the average egg weight
of clutches has previously been reported for
Great Tits (Perrins 1970), and because of the
much larger sample size (n 5 4,752 clutches), it
was possible to show that the relationship re-
mained signiﬁcant after controlling for tem-
perature (Perrins 1996). Seasonal changes in
egg weight presumably reﬂect seasonal chang-
es in costs and beneﬁts of producing large eggs
(Birkhead and Nettleship 1982). Large eggs
may be more difﬁcult to produce early in the
season, either because laying females face larg-
er energetic demands of thermoregulation, or
because food is less abundant (Perrins 1970).
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eﬁt later in the year. For example, young hatch-
ing late in the season are raised after the peak
in food availability and after ﬂedging must
compete with a larger number of other ﬂedg-
lings, and may therefore beneﬁt from hatching
with larger reserves (Murton and Westwood
1977, Verboven and Visser 1998, Both et al.
1999). If more costly thermoregulation early in
the season is the only explanation, the relation-
ship between egg size and date should disap-
pear after controlling for temperature, as it
does in Eurasian Blackbirds (Magrarth 1992).
In Great Tits (Perrins 1996, this study) the re-
lationship persists, implying that increased
food availability for laying or an increased ben-
eﬁt of large eggs late in the season is the expla-
nation for the seasonal trend. In terms of egg
components, shell weight increases seasonally
as expected on the basis of the increase in
whole egg weight. There is insufﬁcient statis-
tical power to determine whether that is also
the case for yolk weight, or whether yolk size
relative to egg size decreases seasonally. If the
latter were the case, it would imply that there
was selection for increased albumen size later
in the season, perhaps through some involve-
ment in the water balance of the developing
embryo (Simkiss 1980). If changes in the whole
egg and egg component weights are indeed an-
ticipatory responses to seasonally changing
conditions, it is surprising that relationships
are found within clutches, because the onset of
incubation and hatching of Great Tit ﬁrst
clutches are synchronous, and all eggs from a
clutch should encounter the same predicted
conditions. One possible explanation is that a
seasonal change in clutch mean values is
achieved by a mechanism that adjusts the size
and composition of each egg according to its
individual laying date and that within-clutch
variation is an unselected consequence of that.
Whole egg weight and the weight of egg
components varied signiﬁcantly through the
laying sequence. For whole egg, yolk and al-
bumen weights, the relationship tended to be
U-shaped, but this was inverted for shell
weights. This was not simply a consequence of
a limitation in shell-producing capacity being
exacerbated for the larger eggs early and late in
the laying sequence, because the absolute shell
weight, and not just shell weight controlled for
egg weight, showed this pattern. A variety of
relationships have been previously reported
from different species between egg weight and
laying sequence (see Aparicio 1999 for a brief
review). In Great Tits a previous study found
no consistent relationship (Ojanen et al. 1981).
Variation in egg size through the laying se-
quence has been interpreted as a means of com-
pensating for (Howe 1976, 1978) or emphasiz-
ing (Slagsvold et al. 1984) the effects of
hatching asynchrony, or as adaptive variation
in relation to the reproductive value of eggs
(Williams et al. 1993). Alternatively, it might be
produced as a result of an imperfect physiolog-
ical control mechanism that is not selected
against because the costs of perfect control pro-
ducing eggs of uniform size and composition
within a clutch would outweigh any beneﬁts.
The reasons for the laying sequence patterns
that we found in Great Tits are unknown.
Although the relationships between whole
egg and egg component weights and other var-
iables tend to be similar within and between
clutches, that is not the case for allometric re-
lationships. Yolk weights increase in directpro-
portion with egg weight within clutches, but
less than in proportion with egg weight across
clutches, whereas the reverse is true for shell
weight. Within-clutch comparisons reveal
changes in the proportion of yolk and shell
when individual females lay eggs of different
sizes, whereas the between-female compari-
sons reveal differences in the proportion of
yolk and shell when different females lay eggs
of different average size. The allometric con-
stants suggest that increasing yolk size is more
difﬁcult or less necessary for females that lay
larger eggs than for individual females laying
an egg that is larger compared with the rest of
the clutch, and that the reverse is true for shell
weight. However, why that might be so is un-
clear. One explanation for yolk weight is that,
whereas the clutch means for whole egg weight
increase seasonally, those for yolk weight do
not. However, the allometric constant between
clutches is essentially the same whether laying
date is controlled for (0.645 6 0.155 [SE]) or not
(0.603 6 0.180).
In contrast to egg weights, there was a clear
relationship between the occurrence of laying
gaps and low temperatures (as also reported by
Schmidt and Hamann 1983). The same pattern
has been found in Blue Tits, where experimen-
tally reduced temperatures increased the prob-
ability of laying gaps without affecting eggOctober 2002] 1101 Egg Weights, Laying Gaps, and Temperature
weight (Yom-Tov and Wright 1993) (and sup-
plementary feeding reduced the probability of
laying gaps; Nilsson and Svensson 1993). One
possible explanation for that pattern is that fe-
males were already producing eggs of close to
the minimum size and could only reduce their
investment in egg production further by tem-
porarily suspending laying. That is opposite to
the conclusions of Nager and van Noordwijk
(1992), in relation to the onset of laying, that fe-
males buffered short-term energetic stress by
reducing egg size rather than egg production.
It seems that both patterns—maintaining egg
size or maintaining egg production—may oc-
cur within one species, depending on circum-
stances. A number of other relationships also
suggest that laying gaps are associated with
nutritional stress: ﬁrst, eggs before laying gaps
were lighter, apparently because they con-
tained less albumen. In the only other study of
egg composition in relation to laying gaps
(Kennamer et al. 1997), the last egg in Wood
Duck (Aix sponsa) clutches showed a nonsignif-
icant tendency to contain more yolk and lipid
when preceded by a laying gap. In Blue Tits,
eggs laid before gaps were lighter and eggs laid
after gaps were heavier than corresponding
eggs in clutches without gaps (Nilsson and
Svensson 1993). Second, laying gaps were more
frequent later in the laying sequence, a pattern
also found in Wood Ducks (Kennamer et al.
1997), but opposite to that previously reported
for a range of hole-nesting species (including
Great Tits [Schmidt and Hamann 1983] and
Blue Tits [Nilsson and Svensson 1993]), al-
though none of those other studies controlled
for temperature. Laying gaps may be more like-
ly to occur later in the laying sequence because
females have depleted some kind of nutrient re-
serve (Jones and Ward 1976, Houston et al.
1983), or because females are less able to pre-
dict conditions later in the laying sequence at
the time that they begin laying (Magrath 1992).
Third, laying gaps are less frequent later in the
season (after controlling for temperature), per-
haps because food is more abundant then. The
fact that laying gaps are so clearly related with
variables that imply nutritional stress weakens
the case that they may function as a mechanism
that allows females to control the sex ratio of
their broods (Emlen 1997).
In conclusion, the lack of a relationship be-
tween egg weight and temperature in 1999 lim-
ited the extent to which data presented here
throw light on the effects of temperature on in-
dividual egg components. However, our results
do show an effect of temperature on the occur-
rence of laying gaps, and conﬁrm an effect of
temperature on egg weight in two other years,
even after controlling for other variables. More-
over, our results highlight two common fea-
tures of egg variability that emphasize the need
for further studies of egg size and composition.
The ﬁrst is the commonness of interactions be-
tween different factors: the relationships of egg
weight with temperature, laying date, and lay-
ing sequence all differed signiﬁcantly between
1978 and 1979. The second is that although
there is frequently an overall relationship be-
tween the weights of individual egg compo-
nents and whole egg size (Williams 1994),
those relationships may vary with factors inﬂu-
encing egg weight: allometric relationships for
yolk and shell weight appear to be different
within and between clutches, and the seasonal
increase in egg weight may not be accompa-
nied by an increase in yolk weight. More data
are needed to disentangle the relationships be-
tween egg components and environmental
variables.
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